Abstract: Plasmon-driven chemical reactions have been a prospective field for surface plasmon resonance and tip-enhanced Raman scattering. In this review, the principles of tip-enhanced Raman spectroscopy (TERS) are first introduced. Following this, the use of Au TERS for plasmon-driven synthesis catalysis is introduced. Finally, the use of Au TERS for catalysis of dissociation reactions is discussed. This review can provide a deeper understanding of Au TERS for plasmon-driven catalysis.
Introduction of Tip-Enhanced Raman Spectroscopy (TERS)
Based on local surface plasmon resonance (LSPR), surface-enhanced Raman scattering (SERS) has been investigated intensively and widely applied since 1974 [1] [2] [3] [4] . The electric field enhancement of Raman signals can reach 10 8 -10 11 [5] [6] [7] , while chemical enhancement can only reach 10 2 -10 3 [8] [9] [10] . SERS provides an opportunity to overcome the limitation of low Raman scattering cross-sections, and has been widely applied to the investigation of vibration and chemical properties of molecules. However, SERS can only detect the average of all the vibrations of randomly adsorbed molecules on account of its poor spatial resolution [11] [12] [13] [14] . Currently, surface plasmons have participated widely in plasmon-driven surface catalytic reactions [2, [15] [16] [17] [18] [19] [20] [21] [22] [23] .
To improve the spatial resolution and overcome the limitation of substrates, the use of tip-enhanced Raman spectroscopy (TERS) emerged in 1985, combining the advantages of SERS and scanning probe microscopy (SPM) techniques [24] . The first TERS results were reported independently by Zenobi, Kawata, Anderson and Pettinger in 2000 [25] [26] [27] . Since these first reports, TERS has attracted wide interest as a high-sensitivity optical analytical technique [28, 29] . TERS can achieve high spatial resolution beyond the diffraction limit of light and can provide chemical information without sacrificing the molecular resolution at very low temperatures [30] . The electromagnetic enhancement factor of Raman signals at the tip apex in TERS can reach 10 6 . With this significant enhancement, the spatial resolution can be enhanced immensely with a sharp metal tip. The enhancement factor can still be maintained for detection of a single molecule (atomic-scale resolution of 1-10 nm) [31] [32] [33] [34] .
Another remarkable advance of TERS is that the IR-active and Raman-active modes of target molecules can be obtained simultaneously, whereas SERS can only provide information on the Raman-active modes. The distance between the tip and substrate can be controlled effectively by adjusting the tunneling currents and the ratio between the signal intensities of the Raman-active and IR-active modes can also be controlled. In summary, several unique advantages make TERS a promising technique for investigating samples with weak scattering [35, 36] .
Samples can be easily contaminated when exposed to air, which can produce an unexpected influence on the results [37] [38] [39] . As a result, it can be difficult to distinguish whether the Raman signal originates from the target molecule, contamination or decomposition of the samples. SPM allows investigations to be monitored in a vacuum, air or aqueous environments. Hence, an ultrahigh vacuum and low temperature environment is usually adopted to enhance the accuracy of TERS results, as these results can shift as a result of the differences in the local environment.
This review focuses on the principles and application of TERS. The fundamental theory and setup of TERS will be presented in detail and current advanced reports on TERS, especially for plasmon-driven reactions, will be presented. SERS and TERS are of great advantage to the field of plasmon-driven surface catalytic reactions. Finally, some challenges and the outlook for the future will be discussed.
Brief History of TERS
Normal optical microscopy can only achieve a resolution of 200 nm in the visible region owing to limitations caused by optical diffraction, which can be expressed by Abbe's equation as follows:
Another disadvantage of optical microscopy is that only an average signal from the target molecules can be obtained. Hence, extensive investigations have been performed to improve spatial resolution through the use of techniques such as scanning near-field optical microscopy (SNOM) with a small aperture [40] and scanning tunneling microscopy (STM) with a narrow tip [41] . By combining these technologies [7, 42] , four groups are dedicated to developing the spatial resolution of TERS [25] [26] [27] [28] .
To make the best use of TERS, it is crucial to develop a method that can easily focus the incident laser on the apex of the tips while simultaneously maintaining the intensity and sensitivity of the signal. As shown in Figure 1 , TERS is based on SPM technologies such as STM, atomic force microscopy (AFM), shear force microscopy (SFM) and scanning near-field optical microscopy (SNOM).
Using a sharp metal tip (approximately 10-50 nm) and when the focused laser illuminates the apex of the metal or metal-coated tip, a 'hot spot' can be excited in the vicinity of the tip apex due to LSPR [37, 43] . Furthermore, as shown in Figure 1a , the intensities of the Raman signals can be enormously enhanced. The most prominent advantage of TERS compared to SERS is the position of the hot spot and the fact that the signal enhancement factor can be effectively controlled by moving the tip and monitoring the distance between the tip and substrate through a feedback system.
As previously introduced, SERS usually requires rough metal surfaces or aggregations of metal nanoparticles to create the hot spot. This roughness is difficult to control and will ultimately lead to randomness in the experimental results. TERS can overcome one of the most severe restrictions in the application of SERS by providing higher accuracy. The spatial resolution of TERS can reach a few nanometers [44, 45] , even down to the sub-molecular level [46] .
With the STM technology shown in Figure 1b , the spatial resolution can reach an atomic level of 0.1 nm and the distance between the tip and substrate can be accurately manipulated by adjusting the tunneling current and sensitive feedback system. The marriage between STM and a ultrahigh vacuum can improve the performance of TERS. However, this type of TERS system is limited by the need for conductive substrates and thin samples.
AFM and SFM are also suitable for use with TERS, as shown in Figure 1c ,d [47] . With AFM measurements [48] , the samples are not limited and a surface roughness on the micrometer level is acceptable [49] . AFM-TERS can be applied in aqueous environments and may become a suitable technique for biological investigations [35, [50] [51] [52] [53] . However, the spatial resolution is one nanometer and the tip must be coated with a noble metal, which can easily break during measurements. It should be noted that a dielectric coating on the tip can prevent contamination from the environment or target species, but the coating decreases the plasmonic enhancement. The coating is limited to the nanometer scale (1-2 nm) and must be pinhole-free. Figure 1d , a metal tip is attached to a high-quality tuning fork as an ultrasensitive feedback system [54, 55] . The resulting device is suitable for investigations in aqueous environments as with AFM [56, 57] , however, more stable tips for SFM are made of metal rather than coated [58, 59] . On the other hand, the resolution of SFM is limited by the tuning fork [58, 60] . The SNOM shown in Figure 1e is designed to investigate evanescent waves on a surface and includes two types of feedback systems. These are: Constant force (AFM) and shear force (SFM). The resolution of SNOM is strongly dependent on the size of the detector aperture rather than the laser. The electric field enhancement of TERS can be estimated by the following:
For the SFM-TERS shown in
where E 0 and E Tip are the incident electric field intensity and the enhanced electric field under the tip, respectively. The light intensity of the enhancement is strongly dependent on both the Raman scattering light intensity and the incident laser. Thus, the TERS enhancement factor can be written as follows:
The electric field enhancement is dependent on the frequency and the wavelengths of the Raman scattering light while the illuminating laser differs slightly. When the Raman shift is small, the Raman scattering is almost the same as the electric field enhancement from the laser. In this case, EF TERS can be written as follows:
Note that the electric field enhancement is very sensitive to the excitation wavelength and the tip material, shape, curvature and radius.
Au TERS for Plasmon-Driven Synthesis Catalysis
As previously mentioned, TERS is a promising candidate for investigating the internal mechanism and concepts of plasmon-driven surface catalytic reactions owing to its high sensitivity and spatial resolution [14, 17, 21] . Additionally, application in high vacuum environments can improve its potential for ultrasensitive spectral analyses on nanoscales. In addition to the enhanced intensity of the Raman signals, the IR-active modes and Fermi resonance can also be simultaneously obtained with high vacuum TERS (HV-TERS). Moreover, the enhancement factor can be modified by adjusting the gap distance.
Here, the selective reduction of 2,4-DNBT to 2,2 DA-DMAB is used as an example to interpret the unique advantages of HV-TERS over SERS. Based on prior studies, it is revealed that different molecular positions (two nitro groups in different positions) can generate different chemical reactions.
Assisted by surface plasmons (SPs), 2,4-DNBT underwent two different types of reductions, one nitro group of 2,4-DNBT was reduced to an amine, while the other group was reduced to an N=N bond as shown in Figure 2 . Figure 2a shows the normal Raman scattering spectrum (NRS) of the 2,4-DNBT powder. Combined with the experimental and theoretical Raman spectra given in Ref [62] , it can be determined that the peaks at 1306 cm −1 and 1336 cm −1 correspond to the NO 2 stretching modes of the two nitro groups, while the peak at 1524 cm −1 is attributed to the simultaneous vibration of the nitro groups. Based on the SERS spectrum for 2,4-DNBT (Figure 2b ), the disappearance of these Raman peaks related to nitro groups clearly indicates the existence of a surface catalytic reaction. Several new Raman peaks are strongly enhanced and the Raman peak at 1432 cm −1 is attributed to the N=N bond. However, the dynamics of the process are hard to determine. The TERS spectrum in Figure 2c differs significantly from the NRS and SERS of 2,4-DNBT. In HV-TERS, the IR-active modes of the target molecule can be obtained simultaneously owing to the large electric field gradient effect [63] [64] [65] [66] . The Hamiltonian can be expressed as follows [67] :
where E α represents the external electric field and ∂E αβ ∂r is the external electric field gradient [67] [68] [69] . According to the calculation above, the reason the IR-active modes were obtained in TERS and not in SERS was due to their different types of measurement. TERS is a near-field measurement, in which the electric field gradient effect plays a crucial role. To analyze the electric field gradient effect, calculations based on the TERS system were extensively investigated (Figure 3a) . The distribution in Figure 3b shows that the radius with the strongest electric field intensity is approximately 3.0 nm. Figure 3c shows that the strongest intensity is focused in the area of 1.0 nm < r < 4.0 nm Figure 3d shows the ratio of the electric field gradient to the electric field along the tip axis, which is only 1/50. Figure 3e shows the electric field intensity at the center along the substrate, which differs from Figure 3b where the strongest electric field intensity is focused in the region of 1.0 nm < r < 4.0 nm with the electric field intensity along the tip excluded. The electric field gradient along the substrate in Figure 3f is similar to that along the tip.
According to the ratio in Figure 3g , the effective region is 1.0 nm < r < 4.0 nm, and the ratio can increase to 1.2 when the larger terms in Equation (1) are taken into account. Figure 3h shows the distance-dependent ratio of ∂E βγ ∂r /E β . When the measurement distance is greater than 5 nm in Figure 3h , the effect of the electric field gradient can be almost neglected, and thus the SERS spectra measured in the far field cannot observe the IR-active modes. Based on Figure 3 , the reason for the difference between SERS and TERS in Figure 2 can be revealed. (a) The diagram of TERS system, (b) the stimulated electric field intensity at the center, (c) the stimulated electric field gradient intensity along tip axis (d) the ratio between electric field gradient and electric field intensity, (e) the stimulated electric field intensity along the substrate, (f) the stimulated electric field gradient intensity along the substrate, (g) the ratio between electric field gradient and electric field and (h) the distance dependent ratio [62] .
Comparing the TERS for 2,4-DNBT in Figure 4a with calculations for 2,2 DA-DMAB (Figure 4b,c) reveals that the peaks in the TERS spectrum can be approximately assigned to the Raman-active and IR-active modes. Moreover, the 'mysterious' peaks at 1354 cm −1 and 1370 cm −1 in the TERS spectrum can be effectively interpreted with the Fermi resonance (FR). Further analysis is provided in the supporting information Reference [62] . In summary, TERS can be considered a powerful analytical method for observing Raman and IR spectra at the same time with stronger intensities and better peak classification. According to Figure 5 , the ratio between the intensities of the IR-active and Raman-active peaks can be controlled by adjusting the tunneling current. The tunneling current determines the gap distance, i.e., the ratio can be controlled by the gap. When the gap distance decreases, the near-field gradient effect becomes stronger, leading to an increased ratio. In contrast, when the gap is sufficiently large, the IR-active peaks cannot be detected, similar to the SERS shown in Figure 3h . This conclusion is powerful evidence for the interpretation of the disappearance of IR-active modes in SERS. In previous SERS experiments, dimerization of p-aminothiophenol (PATP) to DMAB was an ideal candidate for revealing plasmon-driven catalytic reactions [16, [70] [71] [72] [73] [74] [75] [76] . Both theoretical simulations and experimental observations have been investigated in detail, while the dynamic process of the dimerization needs further investigation [77] [78] [79] [80] . Based on the TERS, the IR-active modes can be simultaneously obtained and can provide more convincing evidence [69, [81] [82] [83] .
The TERS measurements for PATP on an Au film at different bias voltages in Figure 6 showed that the product was stable and there was little influence on the polarity of the bias voltage, indicating that the product should be structurally symmetric. Moreover, it is obvious that TERS can provide more information than SERS as more Raman peaks appear. Based on previous studies, DMAB can be generated from PATP on Au NPs, while the SERS for PATP on an Au film is similar to the NRS for PATP [71] . The difference in the probabilities for the chemical reaction on different substrates occurs because the plasmonic enhancement on bare Au film is weak. Comparing the experimental TERS spectrum with calculated Raman and IR spectra in Figure 7 shows that all of the peaks can be assigned and the IR-active modes are activated, owing to the electric field gradient effect (molecular quadrupole transitions). 
Au TERS for Plasmon-Driven Dissociative Catalysis
Plasmon-driven surface catalytic reactions can be detected and analyzed in detail using HV-TERS. Moreover, TERS is able to control the dissociation of target molecules by monitoring the pH value of the environment, which is significant for the environment and investigations of dynamic processes [84] [85] [86] .
Taking DMAB as the target molecule, experiments and calculations have shown that the N=N bond of DMAB can be selectively broke by hot electrons, see Figure 8 . After dissociation, PATP is generated in acidic environments, while 4NBT is generated in alkaline environments. To be more specific, plasmonic hot electrons are temporarily attached to the potential energy surface (PES) of DMAB to form PES, which is accompanied by a decreased reaction barrier. Similar to plasmon-driven catalytic reactions in other environments, the plasmonic hot electrons not only provide the necessary electrons but also the required energy. After the dissociation of DMAB, the radical fragments attach to oxygen or hydrogen ions in alkaline or acidic environments, respectively. 
Conclusions
HV-TERS has notable advantages for investigating plasmon-driven reduction and can provide more information with high intensities. The gap can be effectively controlled by adjusting the tunneling current and the degree of surface catalytic reactions can be additionally monitored. The high vacuum environment can prevent contamination and is beneficial for high spatial resolution. The Raman-active and IR-active modes can be observed simultaneously owing to the near-field gradient effect. Based on the experiments and calculated analyses, TERS should be considered a potential technique in the field of ultrasensitive analysis methods. 
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